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Abstract 

Model-predictive, field-oriented control of 

squirrel cage induction motors (SCIM) depends 

on the accurate identification and orientation of 

rotor and stator flux maps. In this paper, a new 

method is presented that utilizes the measured 

rotor time constant maps to reduce the orientation 

error of the identified flux maps. This enables the 

identification and modelling of the nonlinear and 

transient machine behavior, due to the estimation 

of the stator- and rotor-flux maps in dependence 

of stator and rotor currents.  

1. Introduction 

Induction machines are widely used in various 

applications due to their simple and robust 

construction as well as low cost [1].  

To achieve high-performance control of induction 

machines, field-oriented control (FOC) is a 

common technique [2]. It allows decoupling the 

control of motor torque and flux by transforming 

the stator currents into a rotating reference frame 

aligned with the rotor flux space-vector. This 

requires accurate estimation of the machine flux, 

which can be obtained by different methods  

[3–5]. In this paper, a novel identification method 

for the flux characteristics of induction machines 

is presented. It enhances existing methods for 

characterization by an operating point dependent 

measurement of the rotor time constant. Utilizing 

the rotor time constant maps, the orientation of 

the flux maps can be corrected and thus the model 

and control quality significantly improved. 

2. Machine Model 

Since the control is performed in rotor flux 

orientation (RFO), the modelling is based on the 

rotor flux oriented dq coordinate system as well.  

The dq stator voltages (𝑣Sd, 𝑣Sq) are described as 

a function of the stator resistance 𝑅s, the stator dq 

currents (𝑖Sd, 𝑖Sq), stator flux linkages (𝛹Sd, 𝛹Sq) 

and the stator angular frequency 𝜔s. 

𝑣Sd = 𝑅s ⋅ 𝑖Sd +
d𝛹Sd

d𝑡
− 𝛹Sq ⋅ 𝜔s  () 

𝑣Sq = 𝑅s ⋅ 𝑖Sq +
d𝛹Sq

d𝑡
+ 𝛹Sd ⋅ 𝜔s  () 

The rotor voltage equations are given in the same 

way with the respective rotor quantities. As the 

rotor is short-circuited, its voltages are   

𝑣Rd = 𝑣Rq = 0. The rotor flux orientation results 

in 𝛹Rq being zero by definition. 𝛹Rq is therefore 

not included in the equations. 

𝑣Rd = 0 = 𝑅R ⋅ 𝑖Rd +
d𝛹Rd

d𝑡
  () 

𝑣Rq = 0 = 𝑅R ⋅ 𝑖Rq + 𝛹Rd ⋅ 𝜔R   () 

Thereby, the rotor currents, voltages and flux 

linkages are related to the stator side, allowing a 

simplified representation of the machine 

characteristics. To determine the physical rotor 

quantities, conversion to the rotor side can be 

performed using the transformers equivalent 

circuit and the corresponding winding factors [6].  

a) Non-linear current model  

The following, non-linear modelling for rotor flux 

and angle estimation is based on [7]. It is known 

for constant machine parameters as the (linear) 

current model.  

The rotor flux linkages can be defined by the 

equivalent circuit parameters with 𝐿m being the 



mutual inductance and 𝐿Rσ as the rotor stray 

inductance. The rotor q-flux is zero per definition 

in the rotor flux orientated reference frame. 

𝛹Rd = 𝐿m ⋅ 𝑖Sd + (𝐿Rσ + 𝐿m) ⋅ 𝑖Rd () 

𝛹Rq = 0 = 𝐿m ⋅ 𝑖Sq + (𝐿Rσ + 𝐿m) ⋅ 𝑖Rq  () 

It is assumed, that the leakage inductances are 

constant, since the leakage flux flows primarily 

through air and cross coupling is not present in 

the rotor flux oriented reference frame due to 

𝛹Rq = 0. Furthermore, it is assumed that the 

mutual inductance is affected by saturation and is 

a function the currents on the d-axis.  

The mutual flux linkage is consequently 

described with 𝐿m being a function of (𝑖Sd + 𝑖Rd):  

𝛹m = (𝑖Sd + 𝑖Rd) ⋅ 𝐿m(𝑖Sd + 𝑖Rd) () 

The rotor angle 𝛾R which is necessary to calculate 

the transformation angle 𝛾S for rotor flux 

orientated reference frame is determined using 

the rotor voltage equation (4).  

𝛾R = ∫ 𝜔R d𝑡 = ∫ −
𝑅R ⋅ 𝑖Rq

𝛹Rd

 d𝑡 () 

The rotor flux is characterized with a first order 

differential equation based on the assumptions 

mentioned above and equations (3) and (5): 

d𝛹Rd

d𝑡
 = −

𝑅R

𝐿m + 𝐿Rσ

(𝛹Rd − 𝐿m ⋅ 𝑖Sd) () 

By transferring the linearized equation into the 

Laplace domain, the transfer behavior is 

highlighted. 

𝛹Rd =
𝐿m ⋅ 𝑖Sd

1 + (𝐿m + 𝐿Rσ) 𝑅R⁄ ⋅ s
 () 

The system has a first order lowpass behavior 

with the rotor time constant 𝜏R being defined as: 

𝜏R =
𝐿m + 𝐿Rσ

𝑅R

=
𝐿R

𝑅R

 () 

By transferring the linearized equation (8) into 

laplace domain and inserting the equation (6), the 

rotor current dependence is eliminated. Using 

equations (10) and (11) the block diagram for 

identification of the rotor angle (fig. 1) can be 

deduced.  

It shows that the rotor angle 𝛾R for the rotor flux 

orientation thereby only depends on the  

dq-currents and the correct value of the rotor time 

constant, which is further analyzed and identified 

in this paper.   

 
The transformation angle 𝛾S for the rotor flux 

orientated reference frame is determined with the 

use of the mechanical angle 𝛾M from the angle 

encoder multiplied by the number of pole pairs 𝑝.  

𝛾S = 𝛾R + 𝛾M ⋅ 𝑝     () 

The power balance can then be used to determine 

the inner torque 𝑇e [5]. 

𝑇e =
3𝑝

2
(𝛹Sd𝑖Sq − 𝛹Sq𝑖Sd)    () 

𝑇e = −
3𝑝

2
ΨRd𝑖Rq    () 

This calculation is made under neglection of iron 

losses.  

3. Standard identification scheme 

This section describes the first part of the 

identification procedure. It is assumed that only 

the number of pole pairs is known from the 

machine. To carry out the identification, a load 

machine and a power converter with output 

current and voltage measurements are required. 

The rotor position must be known as well.  

a) Basic machine parameters 

First, the linear mutual and leakage inductance as 

well as the rotor and stator resistance are 

identified.  

The ohmic voltage drop of the individual lines is 

determined at standstill using an impressed dc 

stator current. This process is also repeated 

periodically later during the measurement 

routines to compensate for a temperature rise in 

the machine and thus a change in the stator 

resistance. 

The linear mutual and leakage inductances 

together with the rotor time constant are 

determined via locked rotor and no load tests [8]. 

This data is then used to set up a controller for the 

FOC [7]. 
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Fig. 1.: Estimation of the rotor angle 𝛾R 

using the nonlinear current model. 



b) Flux maps in arbitrary orientation 

Usually, the machine flux identification is carried 

out by means of a current or voltage model using 

the constant parameters identified in 3 a). Since 

the machine parameters change, for example due 

to saturation and current displacement, this 

inevitably leads to misorientation.  

As a result, the fluxes determined in this section 

are not aligned to the rotor flux-oriented reference 

frame, but to an arbitrary reference frame, which 

is defined by the identified linear machine 

parameters. Therefore, the displacement from the 

rotor flux-oriented system depends on the current 

operating point. Detailed investigation into 

detuning of the current model and its effects is 

also shown in [9].  

In contrast to previous methods [4, 5], the 

identification is not performed at a constant speed 

but at a constant stator angular frequency using 

the FOC as proposed in [3]. This is based on the 

assumption that iron losses occur primarily in the 

stator and depend on both stator frequency and 

amplitude [10]. By measuring at a constant stator 

angular frequency, the frequency dependence can 

be eliminated and thus the accuracy is improved.  

The measuring range must be restricted 

accordingly, as operating points with large rotor 

frequency lead to high mechanical speeds 𝑛m. For 

steady state operating points, as present in the 

identification, the d-rotor current is completely 

decayed. Using equations (8) and (10) under the 

assumption of constant currents, the rotor angular 

frequency can be estimated by applying the final 

value theorem lim
𝑡→∞

𝑓(𝑡) = lim
𝑠→0

𝑠 ⋅ 𝐹(𝑠) on the 

step response 𝐹(𝑠) =
1

𝑠
⋅ 𝐺(𝑠) of the transfer 

function 𝐺(𝑠): 

𝜔R = lim
𝑠→0

𝑖Sq

(
𝜏R

1 + 𝜏R ⋅ s
) ⋅ 𝑖Sd

=
𝑖Sq

𝜏R ⋅ 𝑖Sd

 
   () 

Therefore, the mechanical rotor speed is 

dependent on the driven operating point by: 

𝑛m =
60

s
min

2π ⋅ 𝑝
(𝜔S −  

𝑖Sq

𝜏R ⋅ 𝑖Sd

)    () 

For setpoints with zero or almost zero stator d-

current the required mechanical speed tends to 

negative or positive infinity. For this reason, those 

setpoints are omitted from the measurements 

which can be seen in fig. 2. The distribution of the 

setpoints is done in polar coordinates to maintain 

the current limit of the machine. The evaluation 

of the measurement is performed by solving 

equations (1) and (2) for the flux linkage.  

𝛹Sd =
𝑣Sq − 𝑅s ⋅ 𝑖Sq

𝜔S

 () 

𝛹Sq =
−𝑣Sd + 𝑅s ⋅ 𝑖Sd

𝜔S

 () 

In steady state operation the flux linkages are 

constant and thus their time derivative becomes 

zero. 

To precisely determine the fundamental flux 

linkage, the average value is taken over several 

mechanical periods. This ensures that 

manufacturing tolerances and thus harmonics 

with low mechanical orders have no impact on the 

result. To compensate the voltage drop across the 

stator resistance, it is periodically measured as 

described in section 3 a). The procedure of 3 b) is 

also described in detail for constant rotational 

speeds in other publications [3–5]. 

 

4. Reorientation of the flux maps 

To eliminate the misorientation of the flux maps 

identified in 3 b) a novel procedure is presented 

in the following chapter. For that, the rotor time 

constant is identified for the entire operating area. 

This leads to significantly increased model and 

control quality due to improved orientation.  

a) Rotor time constant identification 

using stationary measurements 

This section describes the identification of the 

rotor time constants based on the known 

measurement data. Subsequently, a transient 

measurement routine is presented.  

Using the stationary measurement data of 3 b) the 

rotor time constant can be determined 
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Fig. 2.: Setpoints and non-measurable area 

due to high mechanical speeds.  



retrospectively without performing additional 

transient measurements. In steady-state 

operation, it is derived from equation (3) that the 

rotor d-current completely decays. As the stator 

q-flux in RFO is the stray flux, the amplitude of 

the flux linkage is primarily built up via the stator 

d-current. The required d-current for the 

measured flux amplitude �̂�S is estimated using 

the no-load characteristic. This requires the q-flux 

linkage and cross coupling to be small compared 

to the d-flux linkage. The mapping of the no load 

characteristics of 3 a) 

𝛹Sd,no load: 𝑖Sd → �̂�S    () 

is therefore transformed into the inverse mapping 

to identify 𝑖Sd. 

𝛹Sd,no load
−1 : �̂�S → 𝑖Sd    () 

Based on the measured current amplitude, the q-

current can be calculated subsequently. The rotor 

time constant is then determined for each setpoint 

using equation (15). 

𝜏R =
𝑖Sq

𝜔R ⋅ 𝑖Sd

=
𝑖Sq

(𝜔S − 𝑛m
2𝜋𝑝

60
s

min

) ⋅ 𝑖Sd

 
() 

This allows the estimation of the rotor time 

constant using only the recorded rotor angular 

frequency and the dq currents of the conducted 

routine in 3 b). Since a division by zero is not 

defined, this method does not allow parameter 

identification at no-load condition.  

b) Rotor time constant identification 

using transient measurements 

 
Due to the rotor dynamics of the induction 

machine, the rotor flux orientation can also be 

determined by evaluating the transient behavior. 

This requires, the rotor dynamics to be 

significantly smaller than the achievable 

dynamics of the current control in the stator 

circuit. The procedure is related to [11]. For the 

transient rotor time constant measurement, the 

stationary operating point is approached first. 

Afterwards, the q-current is set to 0 A while the 

d-current setpoint remains unchanged (black 

dotted arrow in fig. 3).  

With ideal orientation (fig. 3&4 red) the stator q-

flux should fall with the dynamics achieved by 

the current control strategy to 0 Vs since the q-

flux is only a leakage flux fed by the stator q-

current. If the rotor time constant is too small or 

too large, a misorientation occurs. It leads to a 

portion of the relatively slow changing d-flux 

being falsly assigned to the q-axis. This can be 

seen by the decay of the q-flux with the rotor time 

constant in the misoriented system (fig. 3&4 

green, blue). 

 
The flux linkages are estimated using the voltage 

equations (17) and (18). By evaluating the error 

integral ( 𝑒 = ∫ 𝛹Sqd𝑡 ) over time (Fig. 4), it can 

be directly deduced whether the value for the 

rotor time constant 𝜏 is larger or smaller than the 

real value 𝜏R.  
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Fig. 3.: Basic principle of the rotor time 

constant measurement.  
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Fig. 4.: Basic principle of the rotor time 

constant measurement. 



The procedure is initiated with two random time 

constants in the expected range. Using linear 

interpolation between two measurements (Fig. 5), 

an improved rotor time constant is calculated and 

subsequently identified.  

 
The procedure is repeated using the two rotor 

time constants with the smallest error integral 

until the identification error is sufficiently small 

or the maximum number of measurement cycles 

is exceeded. 

c) Reorientation of flux maps 

In the final step, the correct current space vector 

is calculated for each flux point from 3 b). The 

system is therefore transformed into polar 

representation, describing each measurement 

point by its angle and current amplitude (𝑖,̂ 𝛾CV) 
or flux amplitude (�̂�, 𝛾CV + 𝛾ΔΨi) in rotor flux 

orientation. Thereby the angle 𝛾ΔΨi denotes the 

angle between flux and current vectors 

determined in the arbitrary orientation in 2 b).  

The measurements in 3 b) allow determination of 

the stator flux amplitudes �̂� and current 

amplitudes 𝑖 ̂ as well as their relative orientation 

by 𝛾ΔΨi, but not the precise alignment in rotor 

flux orientation. Consequently, calculation of the 

angle 𝛾CV is required. It is defined in an accurately 

aligned system as:  

𝛾CV = tan−1 (
𝑖Sq,co

𝑖Sd,co

 )     () 

As the orientation of the correct aligned currents 

𝑖Sd,co and 𝑖Sq,cois not known, equation (22) is 

transformed using (15). Resulting in an equation 

only dependent on measured parameters: 

𝛾CV = tan−1 (
1

𝜔R ⋅ 𝜏R

)    () 

Reorientation is performed via the measured rotor 

time constants from 4 a) or 4 b). The rotor angular 

velocity is determined as before by the stator 

angular frequency and the measured rotational 

speed.  

The currents (𝑖Sd,co, 𝑖Sq,co) are subsequently 

transformed back into the cartesian coordinate 

system with their corrected orientation using 𝛾CV.  

𝑖Sd,co = 𝑖̂ ⋅ cos (𝛾CV)  () 

𝑖Sq,co = 𝑖̂ ⋅ sin (𝛾CV) () 

The same transformation is applied to the flux 

linkages using the additional angle between 

current and flux linkage 𝛾ΔΨi: 

𝛹Sd,co = �̂� ⋅ cos (𝛾CV + 𝛾ΔΨi)  () 

𝛹Sq,co = �̂� ⋅ sin (𝛾CV + 𝛾ΔΨi) () 

d) Estimation of the rotor flux map   

Since the rotor current and rotor flux cannot be 

measured in the SCIM, the rotor map can only be 

estimated indirectly. In [5], the identification is 

carried out via torque measurement. It is therefore 

assumed that the rotor resistance can be 

determined in advance and all torque components 

that arise, for example, due to friction and iron 

losses, can be compensated. Since the precise 

determination of these proportions is very time-

consuming, a different approach is used in this 

paper.  
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Fig. 5.: Linear approximation of the rotor 

time constant.  

a)  

b)  

Fig. 6.: a) FEA simulation of stator  

d flux linkage and b) error of rotor flux 

estimation. 



The rotor flux is estimated using the identified 

flux linkage map and the leakage inductance. It is 

therefore assumed that the leakage flux is 

primarily outside the iron and thus is hardly 

influenced by saturation. The leakage inductance 

is thus assumed to be constant. Fig. 6 shows the 

rotor flux linkage and the error of the predicted 

rotor flux linkage of a SCIM from a finite element 

analysis (FEA) simulation. Since no precise data 

is available for the device under test (DUT) 

described in chapter 6, the FEA model was taken 

from [12] and scaled accordingly.  

As expected, the error of the estimated rotor flux 

linkage based on a constant leakage inductance is 

below 2 % even when the d-flux linkage 

saturates. It can therefore be assumed that the 

model error using this estimation is relatively 

small. 

Compared to methods that rely on torque and loss 

modelling the model error is generally assumed to 

be equal or lower due to the shorter measurement 

chain and reduced dependency of machine 

parameters like temperature and speed. 

e) Estimation of dynamic flux maps 

The modeling and identification shown so far 

covers the steady-state behavior of the machine. 

To represent dynamic characteristics, the maps 

must be extended by the dimension of the d rotor 

current 𝑖Rd. This is necessary as the assumptions 

of the steady-state condition  

𝑖Rd = 0 is no longer valid for dynamic 

operations. Driven by the fact, that saturation is 

almost exclusively present on the mutual 

inductance and can be neglected for the stray 

inductances, the flux linkages can be estimated 

for 𝑖Rd ≠ 0. Therefore, the mutual inductance is 

modeled in dependence of the magnetomotive 

force and therefore the currents as shown in 

equation (7).  

The current through the mutual inductance, which 

leads to the mutual flux linkage, corresponds to 

the magnetizing current, which is defined as [7]:   

𝑖μ = 𝑖Sd + 𝑖Rd    () 

To take cross saturation into account, the mutual 

flux is determined from the identified stationary 

flux maps in 3 c) assuming 𝑖Rd = 0 and 𝑖μ = 𝑖Sd:  

𝛹m = 𝛹Sd(𝑖μ, 𝑖Sq) − 𝐿𝑆𝜎 ⋅ 𝑖Sd    () 

Using the magnetizing current, the mutual flux 

linkage can now also be described as a function 

of the rotor current.  

 

This leads to the following expression for the 

stator and rotor flux linkages: 

𝛹Sd = 𝛹m(𝑖Sd + 𝑖Rd, 𝑖Sq) + 𝐿Sσ ⋅  𝑖Sd    () 

𝛹Sq = 𝛹Sq(𝑖Sd + 𝑖Rd, 𝑖Sq)    () 

𝛹Rd = 𝛹m(𝑖Sd + 𝑖Rd, 𝑖Sq) + 𝐿Rσ ⋅  𝑖Rd    ()  

Based on the FEA simulation in 3 d), the relative 

average error in the dynamic model can also be 

evaluated. It is assumed that the leakage 

inductances are evenly distributed on the stator 

and rotor side, since an exact distribution cannot 

be determined later by measurement and thus also 

leads to a modeling error. The error determined 

by this method is less than 0.9% with regard to 

the respective maximum value of the flux 

component. Thus, a sufficient correlation of the 

model is to be expected. 

5. Testbench 

The DUT is a Siemens 1LE1592-1EB42-1AF4 

SCIM. The same machine is used as load (fig. 7). 

The characteristics according to the datasheet are 

given in table I.  The DUT features a sensor for 

stator temperature monitoring. Rotor temperature 

sensing is not provided.  

 
Signal processing and control is performed on the 

ETI-SoC system, which is based on the Xilinx 

Zynq 7030 [13]. To allow a fast adaptation of the 

software to different test scenarios, the code 

generation is performed using MATLAB® 

Simulink Code generation.  

The test bench runs at a switching and controller 

frequency of 10 kHz. The DUT and load are 

powered by the two-level IGBT ETI-EPSR shown 

in [13].  It provides the LEM LA 100-P sensors for 

current measurement with an accuracy of 0.5 % 

as well as the line voltage measurement with 

approx. 2 % accuracy.  

The signals are recorded by a Texas Instruments 

THS1206 12-bit AD converter with 1.5 MSPS per 

channel and averaged for each switching period. 

The rotor angle is measured via a 10-bit 

 

Fig. 7.: Testbench of the Siemens 1LE1592-

1EB42-1AF4.  



incremental encoder, which is operated with 4-

fold evaluation. This results in 12-bit resolution. 

 

Table I: Linear characteristics of the DUT [14] 

 

6. Measurement Results  

In this section, the measurement results from the 

test bench presented in chapter 5 are shown. The 

data was not smoothed or filtered in any kind. The 

measurements from 3 a) are not explicitly shown, 

as they are only used to configure the FOC.  

This section focuses on the operation principle of 

the identification. Therefore, the measurements of 

the flux linkages are only carried out at one stator 

frequency which corresponds to about half the 

nominal frequency to reduce the impact of iron 

losses. This is also a common technique for 

PMSM parameter identification [15].  

To improve the accuracy of control methods and 

machine models for the entire speed range the 

same routine can be carried out at different stator 

frequencies. This allows the flux linkages to be 

additionally modelled in dependence of stator 

frequency. 

a) Flux maps in arbitrary orientation  

Since the results from 3 b) differ from previous 

methods due to the measurement at constant 

stator angular frequency, the results are shown 

here in detail. The measurement is conducted at a 

constant stator frequency of 25 Hz. The current 

amplitude is varied between 0 A and 55 A in 

2.5 A steps. The current angle is limited 

according to (15) varied in the range of -88° to 

88° in 8° steps. This results in 529 operating 

points. The rotor time constant of the current 

model is set to 0.24 s as identified by the 

measurements described in 3 a).  

 
In each operating point, measurement data of 25 

mechanical periods are recorded. These are 

averaged afterwards for evaluation. Furthermore, 

a DC measurement is conducted periodically to 

track the stator resistance. Temperature control of 

the machine is not technically possible, so 

deviations in the parameters may occur due to 

temperature changes within the machine. Due to 

the low power density of 0.13 kW
kg⁄ , these are 

assumed to be small. 

Fig. 8 shows the d-flux linkage. The saturation of 

the machine can be clearly observed. The 

decrease in the curve towards larger q-currents 

indicates cross-coupling. As will be shown in the 

next chapter, the strong cross-coupling of the d-

flux linkage is an artifact caused by the 

misorientation of the coordinate system.   

 
The q-flux linkage in fig. 9 shows obvious 

misorientation error. Since the error changes in 

dependence of the setpoint, no physically 

reasonable interpretation is possible. 

 

Symbol Meaning Value 

𝑃N Nominal power 22 kW 

𝑚 Total weight 170 kg 

𝑉N Nominal voltage 380 V 

𝐼N Nominal current 45 A 

𝑛N Nominal speed 1500 rpm 

𝑝 Pole pairs 2 

𝑅S Stator resistance 154 mΩ 

𝑅R 
Transformed rotor 

resistance  
103 mΩ 

𝐿sσ Stator stray inductance 2.5 mH 

𝐿Rσ 
Transformed rotor stray 

inductance  
0.93 mH 

𝐿m Mutual inductance 35.82 mH 

𝜏R Rotor time constant 0.35 s 

 

Fig. 8.: d-flux linkage in arbitrary 

orientation  

 

Fig. 9.: q-flux linkage in arbitrary 

orientation. 



b) Rotor time constant  

To improve the orientation of the coordinate 

system, the procedures for determining the rotor 

time constants from 4 a) are now applied. First, 

the rotor time constant map is calculated based on 

the stationary measurements. The results are 

shown in fig. 10. A significant dependence on the 

operating point can be seen here. It is also clear 

that a control and evaluation with a constant rotor 

time constant of 0.24 s leads to a clear 

misorientation of the coordinate system as 

indicated in the previous chapter. 

 
Fig. 11 shows the map of the rotor time constant 

identified by the transient measurements. Since 

the measurement is significantly more time-

consuming than the steady-state characterization, 

only 242 operating points were evaluated.  

Due to the symmetry to the  

q-axis, the results are subsequently averaged 

between motor and generator operating points. 

Compared to the map determined in fig. 10, the 

transient measured values of the rotor time 

constant are slightly lower. The deviation is 

mostly below 0.1s. The peak of the time constant 

is also absent in the transient measurement at low 

current amplitudes in fig. 11, which provides a 

better representation of the real machine 

behavior. The deviation in the stationary 

determination can be explained by the 

approximations used to estimate the d-flux 

linkage in (19).   

c) Reorientated flux maps  

 
Based on the transient measured rotor time 

constants, the orientation of the flux maps are 

corrected below. The modified d-flux linkage 

shows a clearly changed shape.  

Saturation is also clearly recognizable here, but in 

comparison to the arbitrary orientation, the cross-

coupling is significantly reduced by the improved 

alignment. 

For q-flux linkage, the changed location of the 

current setpoints results in a different shape of the 

curve. In comparison to the arbitrary orientation, 

the reoriented q-flux map matches the general 

model description whereby the q-flux is formed 

only by the leakage inductances. Thus, the 

amplitude in fig.  13 is small compared to the d-

flux linkage and no saturation occurs. 

 
Fig. 14 shows the rotor flux linkage. The shape of 

the rotor flux linkage is similar to the stator d-flux 

linkage. The total leakage inductance was 

determined in advance to 2.47 mH by the locked 

rotor test. It is assumed that it is equally 

 

Fig. 10.: Estimated rotor time constant 

based on the stationary measurements.  

 

Fig. 11.: Measured rotor time constant 

based on transient measurements.  

 

Fig. 12.: d-flux linkage in rotor flux 

orientation using transient measurements. 

 

Fig. 13.: q-flux linkage in rotor flux 

orientation using transient measurements. 



distributed between the stator and rotor leakage 

inductance. Alternatively, a distribution based on 

the ratios given in the data sheet or an estimation 

of the distribution according to [16] can be 

applied. 

 

d) Dynamic flux maps  

Based on the previously determined steady-state 

flux maps, the dynamic maps are now computed 

using the calculations in 3 d). For illustration 

reasons, only the maps for constant rotor d-

currents of ±10 A are now shown as examples.  

 
To allow modelling for negative d-currents, the 

maps are first expanded by utilizing their 

symmetry. Further extension of the maps for use 

in machine models or control algorithms, can be 

achieved by fitting and extrapolating the flux 

linkage maps. As this must be carried out 

individually for each system, only the measured 

data without extrapolation is shown here.  

A slight discontinuity is visible in the area of 

small d-currents and large q-currents. This is the 

high rotor frequency and the small rotor flux 

linkages in this area, causing the measurements to 

have higher risk of error. 

Since the induction motor is simplified modelled 

as a system with three different windings (Sd, Sq, 

R) in rotor flux orientation, the rotor current 

dependent evaluation shows a comparable 

behavior to flux maps of Electrically Excited 

Synchronous Machines (EESM) [17]. 

 
As expected, positive rotor d-currents lead to an 

increased amplitude of the mutual flux. This is 

also clearly visible in the rotor d-flux linkage and 

the stator d-flux linkage (fig. 15 and fig. 16).  

Thereby, the rotor d-flux linkage differs slightly 

from the stator d-flux linkage due to the stray flux 

as already observed in 6 c).  

 
A slight cross saturation can be recognized at the 

q-flux linkage due to the visualization of different 

rotor currents. Compared to the EESM it is less 

pronounced due to the rotor flux orientation. 

7. Conclusion and Outlook 

In this paper, methods for the determination of 

rotor time constant as a function of the operating 

point were introduced. Based on these results, a 

procedure for the subsequent correction of the 

orientation of measured flux linkage maps was 

presented.  

To take dynamic operation into account, those 

maps were extended analytically to the dimension 

of the rotor current. All results are based on non-

linear modelling of the induction motor. 

 

Fig. 14.: Rotor flux linkage in rotor flux 

orientation 

 

Fig. 15.: Stator d-flux linkage in rotor flux 

orientation at 𝑖Rd = ±10 A 

 

Fig. 16.: Rotor flux linkage in rotor flux 

orientation at 𝑖Rd = ±10 A 

 

Fig. 17.: Stator q-flux linkage in rotor flux 

orientation at 𝑖Rd = ±10 A 



Including a novel non-linear current model for 

rotor flux- and angle estimation. Those lead to a 

significant improvement of the orientation and 

thus of the model accuracy for the field-oriented 

control. Furthermore, the map of the rotor flux 

linkage can be determined based on the measured 

data.  

All results presented in this paper were generated 

by measurements on the test bench in order to 

demonstrate the feasibility under real operating 

conditions. The measurement results were not 

smoothed or filtered in order to allow a unbiased 

evaluation of the results.  

As it was not possible to record the rotor 

temperature directly in this test setup, the 

influence of the rotor temperature on the 

measurement result cannot be determined 

precisely. Future tests should therefore include 

rotor telemetry to enable appropriate rotor 

temperature control and monitoring. As the 

thermal time constant of the DUT is large 

compared to the measurement duration and the 

DUT was in thermal balance at the beginning of 

the measurement routine, no significant 

deviations from the presented results are to be 

expected.  
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